By using a fiber optical parametric amplifier, we demonstrate a novel pre-amplification scheme to improve receiver sensitivity for 10-Gb/s non-return-to-zero on-off keying (NRZ-OOK) format with dual-end superposition of signal and idler in the optical parametric amplifier (OPA). We achieve receiver sensitivity of -40.5 dBm at BER = 10 -9 . Compared to its single-end counterpart, the receiver sensitivity can be improved by 2 dB.
INTRODUCTION
Preamplification is an important technology for optical communication. It can extend system span and reduce the cost effectively in the long-haul lightwave systems by improving the receive sensitivity. Currently, erbium-doped fiber amplifier (EDFA) has been widely employed in receivers due to its technology maturity. Previous researchers have demonstrated that the optical preamplifiers based on EDFAs can achieve low receiver sensitivities of -36.0 dBm 1 , -37.2 dBm using 980-nm pump 2 and -38.8 dBm using two-stages EDFA 3 at 10 Gb/s. On the other hand, fiber-based OPA with femtosecond response time 4 , high gain 5 and wide gain bandwidth 6 , has been shown to have comparable performance with conventional optical amplifiers 7 . Recently, a novel pre-amplifier has been demonstrated for return-to-zero on-off keying (RZ-OOK) signal 8 . However, NRZ-OOK is also a key format with narrow bandwidth in current systems. In order to comprehensively study the pre-amplifier based on OPA for practical amplification, it is necessary to investigate performance of other formats. Therefore, in this paper, we investigate receiver sensitivity improvement for 10-Gb/s NRZ-OOK signal based on the novel OPA-assisted detection scheme. Amongst nonlinear effects induced by χ (3) nonlinear susceptibility in silica, one of the important phenomena is four-wave mixing (FWM). FWM is also a nonlinear effect that leads to OPA, as a special case of which the waves satisfy the phase matching conditions. In the degenerate FWM case 4 , two frequencies of light at ω p and ω s co-propagate in a nonlinear medium, then a new frequency component, ω i , can be generated, satisfying ω i = 2ω p -ω s . During this process, the interplay between FWM, self-phase modulation (SPM) and cross-phase modulation (XPM) effects can lead to an exponential amplification if ω p is a high power pump and ω s is a weak probe. This resultant exponential amplification is known as OPA. ω p , ω s and ω i are named pump, signal and idler, respectively, as shown in Figure 1 . The dashed line represents the gain spectrum of OPA. This optical amplification is achieved by choosing the frequencies of interplaying waves such that they satisfy a phase matching condition optimal for an exponential gain in power on the signal and the idler. In the specific case of single pump, OPA occurs at regions satisfying -4γP P < Δβ < 0, where
, and β(ω) is the propagation constant as a function of frequency, γ is the nonlinear coefficient, P P is the pump power.
In order to achieve highly efficient OPA, the phase matching condition should be satisfied by setting appropriate wavelengths of pump and signal. Assuming an undepleted pump, parametric gain G s » 1, and phase matching condition is satisfied, G s can approximately be obtained in decibel as 4 ( )
where L is the fiber length, G i is the parametric gain of idler. It shows that the parametric gain is exponentially dependent on the pump power.
Proposed preamplifier
The principle of preamplifier is shown in Figure 2 . The inputs to the nonlinear medium are weak NRZ-OOK signal with wavelength λ S and a strong CW pump with wavelength λ P . When parametric amplification occurs, the pattern on signal can be transcribed to idler together with pump depletion. By launching both the amplified signal and idler into a photodetector (PD), the output current of PD will be constructively superimposed. Therefore, an output electrical signal with higher voltage swing is obtained.
EXPERIMENTAL SETUP
The experimental setup is shown in Figure 3 . The parametric gain medium consist of a spool of 1-km highly-nonlinear dispersion-shifted fiber (HNL-DSF) with nonlinear coefficient γ ≈ 14 W -1 km -1 and zero-dispersion wavelength λ 0 ≈ 1560 nm. The OPA pump is supplied from a tunable laser source (TLS1) set at 1561.1 nm. It is phase-modulated with 10-Gb/s 2 31 -1 pseudo-random binary sequence (PRBS) for stimulated Brillouin scattering (SBS) suppression. The phasedithered pump goes through two stage erbium-doped fiber amplifiers (EDFAs) to be amplified to 27.7 dBm. A tunable band-pass filter (TBPF1) between them is used to reduce the amplification spontaneous emission (ASE) noise at the input of EDFA2. The 10-Gb/s NRZ-OOK is generated by intensity-modulating lightwave from TLS2 at 1548.0 nm by a Mach-Zehnder intensity modulator (MZ-IM) with 10-Gb/s 2 31 -1 PRBS. The pump and signal are combined using a WDM coupler (WDMC1) and launched into HNL-DSF for parametric amplification. Maximum OPA gain of 35 dB is attained by aligning the state of polarizations (SOPs) of signal and pump through polarization controllers PC2 and PC4. Then the pump is filtered out by one branch of WDMC2. The signal and idler are split by a C/L band coupler and then filtered by TBPF2 and TBPF3. And the path length is compensated by an optical delay line (ODL). They are combined again using another C/L band coupler. The output is monitored through digital communication analyzer (DCA) with 30-GHz PD and bit-error rate tester (BERT) with 10-GHz PD. The input signal power is measured at the input of PC4 (denoted as point A in Figure 3 ) and controlled by a variable optical attenuator (VOA) for bit-error rate (BER) measurement. The input loss, including PC4, WDMC1 and fusion splices, is 0.6 dB. The insertion loss between output of HNL-DSF and PD of signal and idler branches are 5 dB and 7.2 dB. These loss are also comparable with the corresponding loss of EDFAs [1] [2] [3] . Figure 4 shows the eye diagrams of signal, idler and combination of signal and idler at point B, C, and D of experimental setup, respectively. The figure 4 (a) at point B is the amplified signal and the figure 4 (b) at point C is the idler. In theory, the amplitude of the idler should be almost equal to that of the signal. However, the amplitude of idler is lower than that of signal in this experiment because the L-band filter (TBPF3) in idler branch has higher insertion loss than that of Cband filter (TBPF2) in signal branch. The better noise suppression on mark level of idler than that of signal owes to the 0.2-nm bandwidth TBPF3 compared to 0.8-nm bandwidth TBPF2. The distortion on mark level of idler is due to phasemodulation to intensity-modulation (PM-IM) conversion induced by SBS suppression 9 . After combining the signal and idler, it can be observed that the eye opening of the dual-detection scheme enjoy wider eye opening due to its constructive superposition of signal and idler. Figure 5 shows the spectra at the output of HNL-DSF, where 35-dB internal parametric gain can be obtained. Note that the passband of WDMC1 for pump branch is from 1554.8 nm to 1563.4 nm, which carves ASE noise to form the pedestal at the bottom of pump in figure 5 . BER of single-and dual-end detection schemes are measured to quantify the benefit of dual-end detection. At BER of 10 -9 , receiver sensitivity of dual-end detection reaches down to -40.5 dBm. Compared to single-end scheme, this dual-end scheme is improved by 2 dB. Such improvement is contributed by the increase in signal swing from the idler. The performance is dominated by amplified ASE noise other than signal photon number fluctuations. Under these circumstances, the noise level is not greatly affected when the idler is added, and the input power is reduced to maintain the BER. More specifically, when we add the idler and reduce the input power by 2 dB, the electrical signal power is unchanged compared to the single-end case. The dominated noise, unrelated to the optical power, is unchanged. The noise due to the optical power may change, because of the different photon statistics associated with signal-only and signal plus idler (and the same total power). However, since this noise is not the dominant one, this change does not make a major change to the total noise. Thus the BER for the signal plus idler case should be about the same as for the signal-only case. Since the input power has been reduced by 2 dB for dual-end detection, this indicates that it should have about a 2-dB sensitivity advantage compared to the single-end detection scheme.
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RESULTS AND DISCUSSION

CONCLUSION
Receiver sensitivity improvement technique for 10-Gb/s NRZ-OOK signal has been demonstrated using constructive superposition of signal and idler in OPA by a dual-end detection scheme. Low receiver sensitivity can approach -40.5 dBm and power penalty was improved by 2 dB compared to single-end detection scheme. The configuration of this preamplifier indicate that it can be extend to WDM systems and useful in OPA-assisted systems.
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